microvasculature; epoxyeicosatrienoic acids; dihydroxyeicosatrienoic acids EPOXYEICOSATRIENOIC ACIDS (EETs) are cytochrome P-450 metabolites of arachidonic acid (AA) that have potent effects on the renal vasculature and renal tubular transport. Several regioisomeric EETs have been implicated as endothelium-derived hyperpolarizing factors and potently dilate numerous vascular beds through their activation of calciumdependent K ϩ (K Ca ) channels in the vascular smooth muscle cell (3) . There is also evidence that EETs can prevent vascular inflammation by a mechanism involving inhibition of adhesion molecule expression and that they can modulate the growth of vascular smooth muscle cells in vitro and in vivo (5, 18) . In addition, EETs can inhibit Na ϩ reabsorption in the renal tubule and mediate the pharmacological action of hormones in the kidney (23) .
Soluble epoxide hydrolase (sEH) converts EETs into their corresponding dihydroxyeicosatrienoic acids (DHETs). In general, the DHETs are thought to have reduced biological function relative to the EETs, and hydration of the EETs by sEH represents one mechanism whereby their activity can be attenuated or eliminated. Relative to EETs, DHETs are more hydrophilic and are more likely to be excreted. DHETs also have reduced intracellular protein binding and are incorporated to a lesser degree into the membrane phospholipid pool relative to the corresponding EETs (32, 33) . Rapid excretion of the DHETs out of the cell is one possible reason for their reduced biological activity relative to the EETs.
Cellular and animal studies provide evidence that sEHmediated EET hydration is an important mechanism for the regulation of intracellular EET levels and therefore plays a significant role in vascular inflammation and blood pressure regulation. Chemical inhibitors of sEH have been associated with attenuation of vascular smooth muscle cell proliferation in cultured cells and a reduction of blood pressure in spontaneously hypertensive rats and in an ANG II rat model of hypertension (5, 12, 35) . The contribution of sEH to blood pressure regulation is also illustrated by the observation that targeted disruption of the sEH gene lowers systemic blood pressure in male mice (28) . The molecular mechanism by which sEH inhibitors modulate blood pressure is not fully understood, although measurement of endogenous eicosanoid levels supports a role for increased intracellular EET levels in their effect.
Relatively little is known about cytochrome P-450-catalyzed AA metabolism and the biological effects of the resulting eicosanoids in humans. sEH expression is evident from activity measurements in human liver, kidney, and placental subcellular fractions, but the cellular localization of this enzyme within these organs is not well studied (30, 34) . The present studies support the hypothesis that sEH plays an important role in the regulation of both EET levels and systemic blood pressure, by demonstrating localization of sEH in the renal microvasculature. In the small sample size examined, there were no obvious differences in sEH localization among disease states. Further study of renal vascular sEH and its regulation may lead to a new class of antihypertensive and anti-inflammatory pharmaceuticals targeting this enzyme.
MATERIALS AND METHODS
Sample collection and handling. Collection of human kidney samples from biopsies and surgical material was approved by the Committee on Human Research at the University of California, Davis and the University of California, San Francisco. A total of 15 human kidney specimens (8 from a variety of diseased kidneys and 7 from normal kidneys) were embedded in optimal cutting temperatureembedding medium (Tissue-Tek, Sakura Finetechnical) and sectioned at Ϫ20°C. Kidneys were classified as normal or diseased following microscopic examination by a pathologist (J. L. Olson) for evidence of nephrotic changes, such as mesangial proliferation and glomerular sclerosis.
Immunohistochemistry. Polyclonal anti-sEH antibody against human sEH was raised from rabbits and has been described previously (34) . Cryostat sections were fixed in acetone for 15 min at 4°C and blocked with 5% chicken serum (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS for 30 min at room temperature. Diluted sEH antibody (1:200) in PBS solution was immediately applied to the sections and incubated at room temperature for 1 h and then at 4°C overnight. In the negative background control, the sEH antibody was replaced with normal chicken serum. sEH immunolabeling was detected by incubating slides with chicken anti-rabbit serum conjugated with Alexa Fluor 488 (1:200 dilution in BSA-PBS, Molecular Probes, Eugene, OR) for 1 h at room temperature. Slides were then rinsed and placed on coverslips in fluorescence mounting medium (Dako, Carpinteria, CA) and examined using a Nikon TE300 fluorescence microscope equipped with a Bio-Rad MRC 1024 laser-scanning confocal system. In some cases, horseradish peroxidase-labeled secondary antibody was employed and sEH labeling was detected with 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide (Vector Laboratories, Burlingame, CA). Horseradish peroxidase-labeled slides were counterstained with nuclear red (Dako).
Western blot analysis. Kidney tissue was homogenized in buffer containing PBS, 5 mM EDTA, 1 mM PMSF, and 1 mM DTT. Renal S9 fractions containing both cytosolic and membrane subcellular fractions were isolated by centrifuging tissue homogenates at 9,000 g for 10 min at 4°C. Samples were then separated on a 10% SDSpolyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were incubated with a 1:2,000-fold dilution of human sEH antibody (34) or 1:200-fold dilution of anti-MAP kinase (ERK1 K-23) antibody (Santa Cruz Biotechnology) followed by a 1:15,000-fold dilution of horseradish peroxidase-conjugated anti-rabbit secondary antibody (Sigma, St. Louis, MO). Immunoreactive proteins were visualized using the enhanced chemiluminescence detection kit (BioRad, Hercules, CA).
sEH enzymatic activity. Renal S9 fractions were isolated as described above and used to measure sEH activity using the substrate trans- [2- 3 H]1,3-diphenylpropene oxide (tDPPO) as described previously (1). The corresponding activity in a rat kidney S9 fraction was measured for comparison purposes. 
RESULTS
Immunohistochemistry. Biopsies were taken during the course of normal clinical practice from patients with systemic lupus erythematosus (SLE) glomerulonephritis, IgA nephropathy, focal and segmental glomerulosclerosis (FSGS), membrano-proliferative glomerulonephritis (MPGN), and minimal change disease (MCD). Normal tissue samples were obtained from cadaveric sources or surgical material. sEH was detected in all 15 human kidney samples (7 normal and 8 diseased). The specificity of the sEH antibody was confirmed by immunofluorescent analysis of sections incubated without primary antibody (Fig. 1A) . sEH distribution was similar in control and diseased tissue as shown by representative micrographs from normal controls (Figs. 1, B and C, and 2 , A-C) and in samples from patients with FSGS (Figs. 1D and 2E), MPGN (Fig. 2D) , and diabetic nephropathy (Fig. 2F) . There was abundant expression of sEH in human kidney, localized largely in the renal vasculature ( Figs. 1 and 2 ). Much weaker immunoreactivity was observed in glomeruli and tubules, and sEH immunostaining in these segments of the nephron was homogeneous (Fig. 2,  C, D, F) . The sEH protein is localized mostly in the smooth muscle layers of the arterial wall as illustrated in Fig. 2 , A and F. Intense immunoreactivity was detected in arcuate and interlobular arteries and arterioles in the kidney (Figs. 1 and 2 ). There was abundant sEH expression in the smooth muscle layers of a preglomerular afferent arteriole and an efferent arteriole (Fig. 3) . The identity of the afferent arteriole was based on its decreasing diameter toward the glomerulus. Within the glomerulus, a diffuse pattern of sEH expression was observed in mesangial and endothelial cells (Fig. 3) .
Immunoperoxidase labeling confirmed the immunofluorescent localization of sEH in the kidney. Strong sEH expression over the entire length of the interlobular and afferent arterioles was also detected by immunoperoxidase staining (Fig. 4) . Both efferent and afferent arterioles were positive for sEH expression (Fig. 4B) .
Western blot analysis. Expression of sEH in human kidney was confirmed by Western blot analysis. Residual biopsy tissue was lysed and separated by SDS-PAGE. sEH-immunoreactive protein was detected as a single major band at a molecular mass of ϳ60 kDa (Fig. 5) . Previous studies in our laboratories showed that the sEH antibody does not cross-react with microsomal epoxide hydrolase or a panel of cytochrome P-450 enzymes. There is considerable variability in the expression level of sEH and a control protein, MAP kinase. However, there was sufficient tissue from only three diseased kidneys for analysis of sEH expression relative to MAP kinase, making it difficult to discern whether there are differences in expression between the control and nephrotic kidneys.
sEH enzymatic activity. sEH activity was measured in all human kidney S9 fractions using the substrate tDPPO. Hydration of tDPPO ranged from 622 to 8,522 pmol⅐min Ϫ1 ⅐mg protein Ϫ1 in diseased kidneys and from 1,217 to 5,492 pmol⅐min Ϫ1 ⅐mg protein Ϫ1 in the controls. Although a large variation in sEH activity is evident in both normal and diseased kidneys (Fig. 6) , there is no significant difference in expression between these two groups in the small sample size available for this study (Student's t-test, P ϭ 0.294). sEH activity in human kidney S9 fractions was comparable to values measured for spontaneously hypertensive rat kidney [2,320 Ϯ 29 pmol⅐min Ϫ1 ⅐mg protein Ϫ1 (35) ]. Relatively low sEH activity in two patients is consistent with low-protein abundance as detected by Western blot and evidence of sclerosis in these biopsies.
DISCUSSION
The present study provides the first evidence for localization of sEH in the human kidney. sEH-immunoreactive protein has been localized to the smooth muscle of small-and mediumsized blood vessels in the mouse pulmonary parenchyma (36), but its distribution in the kidney has not been previously characterized in any species. Our finding of sEH localization in renal microvessels is consistent with the observed effect of sEH inhibition on blood pressure (12, 35) . sEH catalyzes the hydration of EETs to their corresponding DHETs, a mechanism thought to attenuate or eliminate the biological effects of the EETs. EETs are endogenous constituents of the kidney and are synthesized in renal microvessels, glomeruli, proximal tubules, and thick ascending limb of Henle's loop (2, 4, 13, Fig. 3 . sEH immunostaining of preglomerular arterioles with adjacent glomerulus (GL) in a section from a normal subject (A) and a FSGS patient (B). The arrows indicate the preglomerular arterioles. The expression of sEH in the afferent arteriole is much higher than that in the glomerulus and surrounding tubules. Magnification ϫ600. Fig. 4 . sEH immunoreactivity in human kidney detected by DAB staining. A: negative control lacking primary antibody. B: consecutive cross-section from A with sEH antibody. Strong immunostaining of sEH (brown) was detected in the renal arteries. sEH expression is evident in both afferent (block arrow) and efferent (arrowhead) arterioles. Nuclei in both slides are shown in red. Magnification ϫ400.
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). In the artery, EETs are produced predominantly by vascular endothelial cells and migrate to smooth muscle cells to mediate vasodilation (24, 25) and possibly inhibition of vascular smooth muscle cell growth (5) . sEH activity in endothelial cell culture is dependent on the species and vascular bed, and in some cases metabolism by sEH is minor relative to ␤-oxidation pathways (6, 8, 31) . The present localization data suggest that EET hydration might be limited in human kidney endothelial cells and that sEH plays a more important role in regulating EET levels in smooth muscle cells. Localization of sEH immunoreactivity largely to vascular smooth muscle cells is consistent with the biological effects of EETs on these cells and the rapid conversion of exogenous EETs to DHETs in smooth muscle cell culture (7).
Our finding that vascular expression of sEH was abundant in afferent arterioles of the kidney, where EETs are likely involved in the regulation of renal blood flow, arterial resistance, and ultimately systemic blood pressure, is consistent with the documented role of sEH in blood pressure regulation in animal models of hypertension and supports a similar role for this enzyme in the human kidney. EETs can serve as downstream messengers for hormones or paracrine factors such as ANG II and bradykinin and regulate the diameter of preglomerular arterioles and glomerular filtration rate (11, 13) . EETs also act directly as paracrine factors and communicate signals from the macula densa cells to the vascular smooth muscle cells of preglomerular arterioles and contribute to the tubuloglomerular feedback mechanism (17) . The relatively high expression of sEH in afferent arterioles and low abundance in glomerular capillaries suggest that EET levels are tightly regulated for the control of renal hemodynamics. Such placement of sEH also raises the possibility that this enzyme regulates systemic blood pressure and salt balance through renin production by the juxtaglomerular apparatus.
EETs also have anti-inflammatory effects and can inhibit vascular smooth muscle cell proliferation in vitro (5, 18) . Endogenous EET levels are increased in the stenosed, endothelially injured coronary artery and in the aorta of hypercholesterolemic animals (20, 21) . Our finding of abundant expression of sEH in renal arterial smooth muscle cells suggests that tight control of EET levels in this vascular bed will directly influence the development of atherosclerosis and other vascular injuries, possibly modulating the development of microscopic renal artery stenosis, a common clinical problem leading to both hypertension and renal insufficiency.
EETs are involved in the regulation of renal tubular transport and can inhibit Na ϩ -K ϩ -ATPase and a Na ϩ -K ϩ -2Cl Ϫ cotransporter in proximal and distal tubules (27, 29) . Expression of sEH in renal tubules of the human kidney was low relative to vascular expression. This finding was somewhat surprising, considering the relative contribution of vascular and extravascular structures in renal cell homogenates. sEH was easily detected by Western blot analysis in human kidney S9 fractions, and functional activity was similar to levels in renal homogenates from the spontaneously hypertensive rat, a model with high sEH expression and activity (35) . Studies are ongoing to determine whether a similar vascular predominant expression pattern is apparent in the spontaneously hypertensive rat kidney. The low expression of sEH in renal tubules suggests that alternative routes of elimination or incorporation into membrane phospholipids might be more important for tubular EETs. Alternatively, EETs formed in the tubules could be released and taken up into neighboring vascular cells where they could be hydrated into DHETs.
Interindividual variation in sEH activity is expected to influence vascular reactivity, renal tubular transport, and the response to inflammatory stimuli. In this study, we detected a 4.5-fold difference in sEH activity between individual kidney samples in the control group and an almost 14-fold variation in sEH activity in the diseased group. Others showed that interindividual variability in sEH activity is as much as 11-fold in lymphocytes and 539-fold in liver (16, 19) . Recently, nonsynonymous single nucleotide polymorphisms in sEH have been associated with functional defects in protein activity (22, 26) . In rodents, sEH is inducible by peroxisome proliferators such as the fibric acid hypolipidemic agents and shows gender differences in expression (9, 10). It will be important to consider the implications of interindividual differences in sEH activity caused by either genetic variations or environmental influences in the development of vascular disease and hypertension. 
Fig. 6. sEH activity toward trans-[2-
3 H]1,3-diphenylpropene oxide (tDPPO) hydration. Activity was measured in S9 fractions from kidney samples (0.1 mg/ml) using [ 3 H]tDPPO at a final concentration of 50 M. Results were normalized to total protein level. There was more variation in activity in the diseased kidneys but no significant difference between control and nephrotic kidneys.
Although the major aim of this study was to localize sEH expression in the human kidney, we were also able to begin to examine the difference in expression between normal and diseased human kidney tissue. EETs are known to have antiinflammatory and antiproliferative effects in the vasculature and a recent study in a renin and angiotensinogen overexpressed rat model showed that impaired renal hemodynamics and kidney damage were associated with a decrease in EET formation (14) . Based on the vascular-specific expression pattern of sEH determined in this study, it is reasonable to hypothesize that sEH tightly regulates EET levels in the vasculature and that its expression could influence the development of glomerulosclerosis and interstitial fibrosis as well as modulate mesangial cell proliferation. In the current study, there were no significant differences in sEH localization, activity, or expression level in kidneys from normal subjects or patients with SLE glomerulonephritis, IgA nephropathy, FSGS, MPGN, and MCD. However, the small sample size in this study does not allow definitive conclusions to be drawn regarding the influence of disease on sEH expression and activity. Further studies with additional samples and wellmatched controls are clearly warranted.
In summary, we show that sEH is present in the human kidney in high abundance and is preferentially expressed in the renal vasculature. Abundant sEH expression in smooth muscle cells of renal arteries is consistent with a role for sEH in the regulation of biologically active EET levels and in the regulation of renal vascular tone, salt balance, and inflammation. The possibility that interindividual or disease-modulated variation in sEH expression and function contributes to the pathogenesis of human vascular disease requires further study using a larger sample size. However, our studies suggest that pharmacological inhibition of sEH might be a novel mechanism for modulating vascular EET levels for the treatment of such common human disorders as hypertension and vascular disease.
